Objectives-Two-dimensional (2D) shear wave elastography (SWE) can measure the elasticity of skeletal muscle, tendons, and ligaments. Three-dimensional (3D) SWE has been used to detect breast cancer but has not been applied to the musculoskeletal system. This study aimed to investigate whether 3D SWE could be used in skeletal muscles in vivo.
U ltrasound (US) elastography is a new technology for evaluating tissue stiffness that was developed by Ophir et al 1 in 1991 and subsequently used in various clinical applications. There have been several developments in elastography in recent years, and there are now 3 main techniques available based on different principles of tissue deformation for noninvasive tissue stiffnessbased assessment: strain elastography, transient elastography, and shear wave elastography (SWE). Shear wave elastography, including point quantification SWE and 2-dimensional (2D) SWE, showed higher accuracy by using an acoustic radiation force impulse (ARFI) pulse to generate shear waves in the tissue. From the displacements of tissue monitored by Bmode imaging over time at different locations, the shear wave velocity (SWV) is calculated in meters per second. Assumptions can then be made that can convert the SWV to the Young modulus in kilopascals. In 2D SWE, multiple measurements with the ARFI pulse are performed over a larger field view. With real-time imaging for direct visualization of the tissue region being insonated, 2 this technique can be an add-on during US examinations and allows operators to see the generation of the elastographic measures in a color display as they are accumulated. 3 At present, 2D SWE is widely used for clinical assessment of the breast, [4] [5] [6] [7] liver, [8] [9] [10] [11] thyroid, 12, 13 and prostate. 14, 15 Recently, 2D SWE has also been applied to the musculoskeletal system to detect muscle elasticity during states of contraction and relaxation both in vitro and in vivo. [16] [17] [18] [19] [20] Two-dimensional SWE has shown good diagnostic and prognostic utility for several musculoskeletal disorders, including acute crush injuries, Duchenne muscular dystrophy, cerebral palsy, Achilles tendon lesions, and median nerve lesions, and the technique has also been used to monitor the response to treatment. [21] [22] [23] [24] [25] [26] Two-dimensional SWE has good repeatability for measurements of the Young modulus or SWV of skeletal muscle in both relaxation and contraction states. 20, [27] [28] [29] [30] [31] Skeletal muscle is an anisotropic medium because of the longitudinal arrangement of its muscle fibers. When measuring the Young modulus using 2D SWE, the necessity of aligning the transducer longitudinally with the muscle fibers, so that shear wave propagation is assessed along the fibers as opposed to transversely through the fibers, has been well documented. [32] [33] [34] Three-dimensional (3D) US is another widely used imaging technology. Three-dimensional images are reconstructed from data obtained from continuous scanning using an acoustic beam applied in a certain direction. Three-dimensional US can reconstruct volumetric images from data obtained from a single sweep of the US beam across the entire area of interest, thereby illustrating 3D anatomic structures and pathologic features that traditional 2D US is unable to display. 35 Threedimensional US has high repeatability and reliability and is widely used in gynecology and obstetrics 36 and for US imaging of the prostate, 37 breast, 38 and heart. 39 Three-dimensional SWE is the latest development in elastography and allows the assessment of tissue elasticity in a 3D fully accessible organ map. Volumetric acquisition with a special US transducer enables 3D SWE to generate a multiplanar 3D map that permits the heterogeneity of an entire mass to be viewed in 3 dimensions. Three-dimensional SWE can reconstruct coronal elastic parameters and display full volumetric 3D color-coded elastic maps, thereby providing comprehensive elastographic information about all aspects of a mass. The stiffest position within a mass can be effectively observed, and various stiffness values can be quantitatively measured. Three-dimensional SWE has acceptable interobserver agreement, and the calculation of quantitative factors, such as maximum stiffness, stiffness ratio, and mean stiffness, can improve the diagnostic performance of breast US. 40 Furthermore, Chen et al 41 showed that the diagnosis of breast cancer could be significantly improved by consideration of the coronal elastic parameters. Currently, 3D SWE is only used to facilitate the diagnosis of breast cancer [40] [41] [42] and evaluate the efficacy of neoadjuvant chemotherapy. 43 It has been suggested that 3D SWE could potentially have clinical utility in the musculoskeletal field: for example, in the evaluation of a mass lesion during chemotherapy, in planning before surgery, or in preinterventional assessments. 44 A previous study in excised canine muscle used a 2D matrix US array to track ARFIinduced shear wave propagation in 3 dimensions and showed that measurements of shear wave speed were dependent on the muscle fiber orientation relative to the ARFI push. 45 However, to our knowledge, the application of 3D SWE in vivo in the musculoskeletal system has not yet been reported. Therefore, the aim of this study was to investigate whether 3D SWE could be used for the quantitative measurement of the Young modulus in a skeletal muscle in vivo.
Materials and Methods

Study Participants
A total of 20 healthy volunteers undergoing physical examinations at Beijing Chaoyang Hospital were enrolled between August 2016 and October 2016. The inclusion criteria were as follows: (1) age 18 to 40 years; and (2) normal function of the bilateral upper limbs. The exclusion criteria were as follows: (1) any neuromuscular or musculoskeletal disease (including myasthenia gravis, progressive muscular dystrophy, and metabolic myopathy); (2) history of upper limb injury; and (3) surgery to the upper limbs within the previous 6 months. All participants were advised to avoid strenuous exercise 24 hours before this examination and were informed about the examination process by the sonographers before the examination was undertaken. All participants provided informed written consent for their inclusion in the study. This study was approved by the Ethics Committee of Beijing Chaoyang Hospital. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional or national research committee and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards.
Instruments and Methods
The examinations were performed at the Department of Ultrasound of Beijing Chaoyang Hospital. An Aixplorer ShearWave real-time SWE US system (SuperSonic Imagine, Aix-en-Provence, France) was used. 46, 47 For conventional 2D US and 2D SWE, an SL15-4 linear array transducer was used with a frequency of 4-15 MHz. For 3D US and 3D SWE, an SLV16-5 transducer was used with a frequency of 5-16 MHz. All examinations were performed by a single sonographer, who had more than 3 years of experience in US of skeletal muscles and had performed elastography in more than 100 patients during the previous 2 years.
For the examination, each participant was maintained in the supine position on the examination bed (pillow removed) with their arms outstretched, palm side up, and an angle between the upper arm and body of about 15 8. The bilateral upper limbs were in a state of full relaxation during all measurements. The flexor carpi radialis was selected for study for the following reasons: (1) it is superficial and easy to access; (2) it is a spindleshaped muscle with a small pennation angle; and (3) the muscle fibers are oriented parallel to the skin surface, so that the acoustic beam is perpendicular to the muscle fibers (angle of 90 8) when the transducer is perpendicular to the skin. The examination was performed on the dominant side (right side in 16 participants and left side in 4 participants). The following examinations were performed sequentially: (1) 2D SWE longitudinal scanning; (2) 2D SWE transverse scanning; (3) 3D SWE longitudinal scanning followed by reconstruction of 3 orthogonal planes: sagittal plane (parallel to the muscle fibers), transverse plane (perpendicular to the muscle fibers), and coronal plane; and (4) 3D SWE transverse scanning followed by reconstruction of the same 3 orthogonal planes (sagittal, transverse, and coronal).
First, 2D US and the SL15-4 linear array transducer (with an adequate amount of a coupling agent) were used to identify the muscle belly of the flexor carpi radialis, whose position was then marked on the skin surface. Then, longitudinal scanning was performed to show the median section of the muscle in the sagittal plane. The transducer was considered parallel to the muscle fibers when more than 5 continuous muscle fibers could be seen on the sonogram. Two-dimensional SWE (musculoskeletal preset) was then started to obtain a quadrate real-time color mode image, whose size could not be altered. The transducer was applied very lightly and kept still for a few seconds to allow the SWE image to stabilize, after which the image was frozen. Then, within the color mode field of view, the region of interest (ROI) in a circular quantification box (Q-box; a moveable and resizable circle on the elasticity map that permits automatic calculation of values) with a diameter of 4 mm was positioned centrally in the flexor carpi radialis to obtain measurements from that location, avoiding the upper and lower fascia and internal perimysium. The diameter of the Q-box was limited to 4 mm because of the small size of the flexor carpi radialis. The mean, maximum, minimum, and standard deviation of the SWV (in meters per second) and the Young modulus (in kilopascals) within the Q-box were automatically calculated by the system and displayed. Since all of the participants were healthy volunteers, and since normal skeletal muscle tissue is relatively homogeneous with only small variations in the Young modulus, the mean Young modulus (which reflects the overall elasticity of the muscle in the sampling frame) was the only variable included in the analysis. Subsequently, the transducer was rotated 90 8 counterclockwise, and transverse scanning was performed to show the cross section of the muscle in the transverse plane. The SWE mode was then started, and the Young modulus value for this section of flexor carpi radialis was measured by the same method. The measurements were performed 3 times in each section using 2D SWE. The ROI was selected to be at the same location for each measurement, and the average value was used for the statistical analysis. Examples of longitudinal and transverse 2D SWE scans are shown in Figure 1 .
Then the SLV16-5 transducer (with an adequate amount of a coupling agent) was gently placed on the marked position parallel to the muscle fibers, and longitudinal scanning was performed using 3D US. The SWE mode was then started, and automatic volume scanning was performed by slowly tilting the fan-shaped mechanical transducer by 10 8 to 30 8. The 3D image was reconstructed according to the continuous scanning planes, and the volumetric data were displayed in 3 orthogonal planes: sagittal (view A), transverse (view T), and coronal (view C). The ROI reference line in each plane was placed at the center of the muscle, and the multislice display mode (layer spacing, 1.00 mm; layer thickness, 0.25 mm) was selected (3 3 3 image subpanes). Three central ROI planes were selected, and the Q-box (a diameter of 4 mm was chosen because of the small size of the flexor carpi radialis) was placed in the same central position in each layer. The Young modulus values were measured, and the mean Young modulus value was used for the statistical analysis. Then the transducer was rotated 90 8 counterclockwise, and transverse scanning was performed with the transducer perpendicular to the muscle fibers. Three-dimensional images were obtained in the SWE mode, and the Young modulus in each plane was measured by the same method as above. The mean values obtained from the 3 planes were used for the statistical analysis. Examples of longitudinal and transverse 3D SWE scans are shown in Figures 2 and 3 .
Statistical Analysis SPSS version 22.0 statistical software (IBM Corporation, Armonk, NY) was used for the statistical analysis. Tests for normality indicated that the data were normally distributed. A 1-way analysis of variance with the least significant difference post hoc test was used for comparisons of the Young modulus between 3 planes within the same direction of 3D SWE scanning. The paired t test was used for comparisons of the Young modulus between 3D SWE longitudinal and transverse scans for the same plane, between 3D SWE longitudinal scanning of the sagittal plane and transverse scanning of the transverse plane, and between 2D SWE longitudinal and transverse scans. Bland-Altman plots were used to examine the consistency between 3D and 2D SWE scans of the same plane within the same direction of scanning. P < .05 was considered statistically significant.
Results
The 20 participants included 10 male and 10 female volunteers with a mean age 6 SD of 25 6 5 years, mean height of 172 6 5 cm, and mean weight of 62 6 9 kg.
Measurement of the Young Modulus Using 2D SWE
The Young modulus of the flexor carpi radialis was 32.7 6 5.2 kPa when measured in the sagittal plane by 2D SWE longitudinal scanning and 9.2 6 1.6 kPa when measured in the transverse plane by 2D SWE transverse scanning, with a statistically significant difference (P < .0001).
Measurement of the Young Modulus Using 3D SWE
In 3D SWE longitudinal scanning, the Young modulus of the flexor carpi radialis did not differ significantly between the sagittal (34.9 6 5.7 kPa), transverse (34.3 6 5.8 kPa), and coronal (34.8 6 5.9 kPa) planes (P 5 .936). In 3D SWE transverse scanning, there was also no significant difference in the Young modulus between the sagittal (9.1 6 2.0 kPa), transverse (9.1 6 2.1 kPa), and coronal (8.8 6 2.1 kPa) planes (P 5 .838). However, the Young modulus for each individual plane (sagittal, transverse, or coronal) differed 
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significantly between longitudinal and transverse scanning (P < .001 for all 3 planes). In addition, the Young modulus measured by a 3D SWE longitudinal scan of the sagittal plane differed significantly from that of a 3D SWE transverse scan of the transverse plane (P < .001).
Comparison of Young Modulus Measurements
Between 3D and 2D SWE The Young modulus of the sagittal plane measured by a 3D SWE longitudinal scan (34.9 6 5.7 kPa) did not differ significantly from that measured by a 2D SWE longitudinal scan (32.7 6 5.2 kPa; P 5 .096). Furthermore, the Young modulus of the transverse plane measured by a 3D SWE transverse scan (9.1 6 2.1 kPa) did not differ significantly from that measured by a 2D SWE transverse scan (9.2 6 1.6 kPa; P 5 .877). The Bland-Altman analysis showed that for longitudinal scanning, 3D SWE overestimated the Young modulus of the sagittal plane by only 2.2 kPa compared with 2D SWE (Figure 4A ), whereas for transverse scanning of the transverse plane, there was very little difference between the methods ( Figure 4B ). These findings indicate that there was very little bias between methods. Both Bland-Altman plots (Figure 4) showed some evidence of a trend, with the difference between methods tending to get larger as the average value increased. Although the limits of agreement were quite wide (Figure 4) , this factor likely would not be clinically relevant if repeated measurements in individual patients were used to monitor the progress of a disease or the response to treatment.
Discussion
Shear wave elastography is a straightforward and accurate technique for providing real-time qualitative and quantitative information regarding tissue elasticity, 48 and its clinical utility in the musculoskeletal system is being increasingly recognized. SuperSonic Shear Imaging (SuperSonic Imagine), one of the 2D SWE modalities, uses the principle of a "Mach cone" to stimulate the tissue by emitting sound radiation, producing shear waves far below the sound velocity in the tissue. The ultra-high-speed imaging technology detects the shear waves with high temporal resolution to display real-time elasticity images with color encoding. The absolute value of the Young modulus within the Q-box is automatically calculated, thereby providing quantitative information.
Three-dimensional SWE combines 3D volumetric US imaging with SWE. This technique has been used to study breast cancer; importantly, the coronal plane provides important information for breast cancer detection. 41 Unlike the breast, skeletal muscle has anisotropy due to the arrangement of the muscle fibers; as a result, the transducers have directionality. 32 Miyamoto et al 27 showed that when the angle between the transducer and muscle fiber was less than 20 8, there was no significant difference in the measured value from that when the transducer was parallel to the muscle fiber. The authors concluded that SWE could be used as an effective tool to evaluate the mechanical properties of pennate muscles along the fascicle direction. On the basis of these findings, this study selected the flexor carpi radialis for assessment, as its muscle fibers run parallel to the skin. In this study, the Young modulus of the flexor carpi radialis measured by 2D SWE differed significantly between longitudinal and transverse scanning, consistent with the results of Chino et al. 49 This difference is likely caused by anisotropy of the skeletal muscle. The Young modulus (E) is mainly determined by the muscle tissue density (q) and SWV (C), as described by the equation E 5 3qC 2 . Shear wave propagation velocities differ between longitudinal and transverse sections of muscle tissue. 50 In a longitudinal scan, the detected propagation velocity of the shear wave would reflect shear wave transmission along the muscle fiber, which is relatively fast. In a transverse scan, the SWV would be slowed by connective tissue and repeated transitions between muscle fibers and connective tissue. Therefore, although the tissue density is the same, a longitudinal scan would yield a larger value for the Young modulus than a transverse scan.
A 3D SWE longitudinal scan of the sagittal plane is equivalent to a 2D SWE longitudinal scan of the same plane, whereas a 3D SWE transverse scan of the transverse plane is equivalent to a 2D SWE transverse scan; differences in shear wave propagation velocity due to muscle anisotropy would therefore explain the observed difference in the Young modulus between a 3D SWE longitudinal scan of the sagittal plane and a 3D SWE transverse scan of the transverse plane. For each individual plane (sagittal, transverse, or coronal), the Young modulus value measured by 3D SWE differed significantly between longitudinal and transverse scanning. This finding was likely because, for 3D SWE longitudinal scanning, the transverse and coronal planes were reconstructed from continuous scanning in the sagittal plane during the longitudinal scan, whereas for transverse scanning, the sagittal and coronal planes were reconstructed from continuous scanning in the transverse plane during the transverse scan. As a result, 3D SWE transverse scanning showed much slower shear wave propagation velocities for all 3 planes compared with longitudinal scanning. Thus, if 3D SWE were to be used in a clinical setting (eg, to monitor muscle elasticity during treatment of a neuromuscular disorder), it would be essential to use the same transducer orientation for each assessment to allow meaningful comparisons to be made between measurements.
This study provides reference standards for the normal flexor carpi radialis in the relaxed state, as measured by 3D SWE in 3 orthogonal planes using 2 scan directions. For each scan direction, there was good consistency among the measured values for the 3 planes, indicating that 3D reconstruction 51 obtained by continuous scanning in a single plane was stable and could be used to evaluate muscle stiffness. Notably, 3D SWE permitted coronal imaging and provided elasticity data; it will be important to determine in future studies whether this additional information will give 3D SWE advantages over 2D SWE in the diagnosis of neuromuscular disorders or during monitoring of the response to treatment. The stability of measurements in the 3 orthogonal planes (for a given direction of scanning) also showed that the composition of the skeletal muscle was relatively uniform. It is likely that pathologic changes leading to local variations in muscle composition and elasticity would be fully detected by 3D SWE.
Lee et al 40 found that measured values of breast mass stiffness in the same plane differed between 2D and 3D imaging, and 90% of the values measured by 3D SWE were larger than those determined by 2D SWE. These differences were partly attributed to the impact of transducer pressure, with other reasons related to the cancer itself. Although the operator tried to avoid the application of pressure during imaging, the transducer used for 3D scanning (SLV16-5) weighed more than the transducer used for 2D scanning (L15-4), resulting in greater external pressure. Since the SWV is very sensitive to external pressure, which affects the elasticity of superficial tissues, any increase in pressure would result in the calculation of a higher Young modulus. 52, 53 This issue is potentially important for imaging of superficial structures such as skeletal muscle, in contrast to deeper structures such as the liver. A high-frequency transducer has low penetrability and images shear waves to a depth of 5 cm; such a depth could potentially be influenced by external pressure. Furthermore, the ROI of the flexor carpi radialis measured in this study was within the muscle belly, and the depth was dependent on the thickness of the muscle, which varies among individuals. This factor raises the possibility that the effects of external pressure could vary among different individuals. To minimize the external pressure applied to the skin and underlying tissues, a sufficient quantity of a coupling agent was applied between the skin and the transducer so that the sonogram showed an anechoic region of greater than 5 mm in depth. Because the coupling agent was a semifluid and did not conduct pressure, the transducer applied only minimal external pressure to the tissues. The consistency between the 2D and 3D SWE results (for the same scanning direction) in this study, despite the use of transducers with different weights, implies that the effects of external pressure due to transducers could be minimized, in contrast to the findings of Lee et al. 40 This study had some limitations. First, it was a single-center study with a small sample size and a narrow age range, so the generalizability of the findings remains to be established. Second, intraobserver and interobserver reliabilities were not assessed, so the repeatability of the 3D SWE measurements needs further exploration. Third, stiffness was only measured in the relaxed flexor carpi radialis and not assessed during contraction or recovery after contraction. Therefore, further studies are needed to determine whether 3D SWE could also be used for quantitative determination of contracted muscles. Forth, stiffness was measured in only a single muscle (flexor carpi radialis); hence, the feasibility of using 3D SWE in other muscles was not demonstrated. Indeed, it is possible that some muscles may be precluded from analysis: for example, the pennation angle of the gastrocnemius may be too large, whereas respiratory movements might adversely affect an assessment of the rectus abdominis. Fifth, the thickness of the selected muscle was small, limiting the size of the sampling area (Q-box) and thus potentially increasing variability in the measured results. Additional research in a larger muscle is needed to establish whether the size of the Q-box influences the variability of the results obtained. Sixth, the generation of artifacts is a recognized problem with 3D SWE. Although great care was taken to avoid placement of ROIs in regions with artifacts, it cannot be completely ruled out that localized artifacts may have influenced the measurements. Finally, all measurements were made in healthy participants. It will be extremely important to test the feasibility of 3D SWE in patients with muscular diseases (such as myasthenia gravis, congenital myopathy, and dermatomyositis) as well as in other relevant clinical settings (eg, during rehabilitation after stroke).
In conclusion, 3D SWE is an easy-to-use technique that can measure the elasticity of skeletal muscle and provide results consistent with those obtained by 2D SWE. A potential advantage of 3D SWE is the generation of a complete 3D data set-a combined assessment of tissue morphologic characteristics in multiple dimensions as well as stiffness biomechanics-providing the examiner with a spatial understanding of the tissue configuration. Further studies are needed to establish whether 3D SWE shows clinical utility in the diagnosis and assessment of diseases affecting the neuromuscular system.
